Although the reproductive success of most organisms depends on factors acting at several spatial scales, little is known about how organisms are able to synthesize multi-scale information to optimize reproduction. Using longitudinal data from a long-lived seabird, Monteiro's storm-petrel, we show that average breeding success is strongly related to oceanic conditions at the population level, and we postulate that (i) individuals use proximal information (their own reproduction outcome in year t) to assess the qualities of their mate and nest and to decide to retain them or not in year t þ 1; (ii) the intensity of these responses depends on the quality of the oceanic environment in year t, which affects the predictability of reproduction outcome in year t þ 1. Our results confirm that mate and nest fidelities are higher following successful reproduction and that the relationship between the success of a given pair and subsequent nest fidelity is stronger in years with unfavourable oceanic conditions, suggesting that individuals rely on distant information to modulate their use of proximal information and adjust their breeding strategy.
Although the reproductive success of most organisms depends on factors acting at several spatial scales, little is known about how organisms are able to synthesize multi-scale information to optimize reproduction. Using longitudinal data from a long-lived seabird, Monteiro's storm-petrel, we show that average breeding success is strongly related to oceanic conditions at the population level, and we postulate that (i) individuals use proximal information (their own reproduction outcome in year t) to assess the qualities of their mate and nest and to decide to retain them or not in year t þ 1; (ii) the intensity of these responses depends on the quality of the oceanic environment in year t, which affects the predictability of reproduction outcome in year t þ 1. Our results confirm that mate and nest fidelities are higher following successful reproduction and that the relationship between the success of a given pair and subsequent nest fidelity is stronger in years with unfavourable oceanic conditions, suggesting that individuals rely on distant information to modulate their use of proximal information and adjust their breeding strategy.
Introduction
Annual reproductive success is a major component of lifetime fitness in all living organisms. At the individual level, at a given point in time, it depends on the interaction between numerous genetic and ecological sources of variation and on the individual strategy adopted to respond to this variation [1] . Empirical work on a wide range of species has highlighted the complexity of the variation in reproductive success, which depends on factors acting at different scales ( population, pair or individual; see [2] ). A corollary is that the strategies selected to maximize reproductive success should reflect this complexity [3] , which in turn necessitates the use of complex and multi-scale information by individuals.
In gonochoric animals, factors underlying variation in reproductive success between (e.g. in a given year) and within (e.g. between years) individuals can be categorized according to three levels of integration: (i) variation in environmental quality affecting the whole population (e.g. variation between patch quality at the interpopulation level or between years in a given patch, hereafter referred to as the distant extrinsic variation); (ii) variation in environmental quality affecting the individuals of a given population differently (e.g. heterogeneity of breeding site quality within the patch, hereafter, proximal extrinsic variation); (iii) variation in quality among reproducing pairs (hereafter referred to as the intrinsic variation), related either to the variance in the additive qualities of the pair members [4, 5] or to their genetic compatibility [6] .
These three levels of variation generate a high uncertainty in an individual's reproductive outcome, depending on whether the sources of variation are predictable or not. The strategies adopted by individuals to minimize this uncertainty rely on adaptive behaviour processes [7] , in which animals use biological information (hereafter we will use the nomenclature and definitions proposed in [8] ) to adjust their behaviour to the environmental and intrinsic factors related to reproductive success. Behavioural processes include dispersal versus philopatry (at either intra-or interpopulation level [9] [10] [11] ), divorce versus mate retention [12, 13] , as well as habitat [14] and mate [15] selection.
One of the most commonly observed informationgathering process used by individuals to maximize their reproductive success is the 'win -stay, lose -switch (WSLS)' model, in which individuals tend to maintain the conditions encountered in a given year if they reproduced successfully in that year and change the conditions if they failed. This model can be applied to the proximal extrinsic and intrinsic scales described above, via nest change [11] or divorce [13] conditioned on individual reproductive failure. The reasoning underlying the WSLS model is that current success is a reliable predictor of future success [16] . At larger scales, similar logic underlies the use of the average reproductive success of conspecifics at the patch level in some bird species during the process of habitat selection [3, 10, 17] . However, such a process applies to spatial distant extrinsic variation (i.e. patch quality) in cases where variation is consistent in time (i.e. predictable [3, 16] ), but not to temporal variation (such as meteorological conditions), which is usually not or poorly predictable [18, 19] . Nevertheless, temporal variation in environmental quality is another important, universal source of variation in annual reproductive success and empirical evidence suggests that some organisms are able to process predictive information about the quality of the breeding season and respond to this information. Such mechanisms have been described in relation to the survival cost of reproduction in long-lived animals, whereby individuals can delay first breeding or skip reproduction in bad years to maximize their lifetime reproductive success [20, 21] .
In spite of the widely recognized importance of these various scales at which the factors affecting reproductive success can act, very little is known about the way organisms synthesize the information coming from different scales. We postulate here that the use of proximal scale information should be modulated by larger scale information [22] . To test this general hypothesis, we investigated the relationship between distant extrinsic variation (year-to-year variation in climatic and oceanic conditions), reproductive success, and mate and individual site fidelity in an endangered, recently described [23] , long-lived colonial seabird, Monteiro's stormpetrel Oceanodroma monteiroi. Reproductive success in petrels is simple to estimate and binary as breeding females lay a single egg per year. The environmental variables used are the North Atlantic Oscillation (NAO) index, the sea surface temperature (SST) and the chlorophyll-a (Chl-a) concentration, which have an influence on the yearly cycle and abundance of zooplankton [24] and subsequent seabird prey availability [25] , and which have been found to be related to demographic processes in Monteiro's storm-petrel [26] .
Based on the WSLS model, and focusing our analysis on the pair (not individual) level, we predict that successful reproduction is a better indicator of pair or nest quality if it occurs in a year with bad distant environmental conditions and low reproductive success at the colony level, than if occurring in a good year with high average success. We make the following predictions at the pair level: (i) reproductive success is correlated with climatic and oceanic conditions; (ii) year-to-year site and mate fidelity are higher following successful breeding (SB) than following a failure; (iii) there is a negative interaction between the reproduction outcome at the pair level in a given year and the environmental quality in that year on the probability of retaining one's mate and nest the next year.
Material and methods (a) Model species
Monteiro's storm-petrel is a small (45 g ) procellariiform endemic to the Azores archipelago (subtropical northeastern Atlantic), where it is known to breed only on two mammal-free islets (Praia and Baixo) situated 5 km apart just off Graciosa Island. Total population size is estimated at 250 -300 breeding pairs [23] . Like all procellariiform species, Monteiro's storm-petrel is socially monogamous, females lay a single egg per breeding attempt and both sexes participate in incubation and chickrearing [27] . Laying occurs between late April and early July and chicks hatch between the second week of June and late July [23] . Individuals can start breeding when 2 years old [28] . Although Monteiro's storm-petrels leave the islets at the end of the breeding period, the species is considered to remain in the Azorean waters the whole year round [23] .
(b) Data collection and monitoring protocol (i) Demographic data
We used capture-mark -recapture data collected on Praia Islet (39.80308 N, 27.85708 W; 0.12 km 2 ) between 1993 and 2012, based on banding of adults and chicks. However, reproduction and nest/mate fidelity at this locality were monitored only during the period 2000 -2012. On Praia Islet, Monteiro's stormpetrels breed in some of the 150 artificial nests available and in natural nests [29, 30] . All nest-boxes and all accessible natural nests (approx. 30 nests) were checked during incubation and before fledging in order to determine pair identity (based on the identification of the two pair mates) and breeding status (see below). Each nest (natural or artificial) had a unique identification code. Owing to laying asynchrony, three field sessions occurred each year, the first one during the first half of June (identifying the early breeders during incubation), the second one in late July-early August (identifying the late breeders during incubation and banding the early-hatched chicks) and the last one in early September (banding the late-hatched chicks). Based on these three sessions, the breeding status of each pair was eventually recorded as either non-breeder (NB, that is, no egg laid), unsuccessful breeder (UB, i.e. failure during incubation or chick-rearing) or successful breeder (SB, i.e. fledged chick).
(ii) Climatic and oceanic data
To characterize the general climatic and oceanographic conditions in the surroundings of the breeding colony (Praia Islet), we used quarterly composites of the NAO, the Chl-a concentration (in mg m 
(c) Statistical analyses (i) Demographic indices
The breeding success (BS) was a binary variable computed for each pair in each year t. It was set to '1' in case of SB and '0' otherwise (NR and UB, n ¼ 701). We also computed the average BS of the population in a given year (BS mean ). Mate fidelity (Fid Mate ) was a binary variable computed for each pair in each year t. It was set to '1' when pairs reunited in year t þ 1, and to '0' when they divorced. Only cases where both individuals were alive and their status was known in year t þ 1 were considered (n ¼ 403). A pair was considered to have divorced when at least one of the former partners was found breeding with a new partner while its previous mate was still alive [31] . Nest fidelity (Fid Nest ) was a binary variable computed for each pair in each year t. It was set to '1' if at least one individual of the pair remained in the nest in year t þ 1 and '0' if none of the individuals remained in the nest in year t þ 1, excluding cases where both individuals were dead or absent (that is, they had taken a 'sabbatical' year [32] ), and cases where the status of the nest and/or pair members was uncertain in year t þ 1 (n ¼ 445). The detailed algorithm is presented in the electronic supplementary material, Appendix S1. This variable was constructed in order to maximize sample size while avoiding false interpretation (due to death or uncertain status).
(
ii) Temporal autocorrelation
Temporal autocorrelation patterns of NAO, SST, Chl-a and BS mean were examined using the Box-Pierce test.
(iii) Modelling
We assessed the effects of environmental conditions on our three response variables BS, Fid Mate and Fid Nest using generalized mixed-effects models with a binomial error. The current year, pair identity and nest identity were included in all models as random effects variables. We first examined the relationships between BS and climatic and oceanic indices (fixed effects) by developing a candidate model set including all possible combinations of the independent variables. Our global model included quarterly composites of NAO, SST and Chl-a computed for the first three quarters of each year, as well as composites of the last quarter of the previous year for NAO only (10 fixed effects variables). We ranked models based on the Akaike information criterion corrected for small sample size (AICc), identified best models (i.e. DAICc from the best model of less than 2) and calculated associated Akaike weights (w) [33] . To assess environmental effects, we calculated model-averaged partial regression coefficients (b) for each covariate based on the set of best models. We determined the relative importance of each covariate based on the sum of w across the entire model set. We reported 95% confidence intervals (CIs) around b for each covariate and deemed an effect significant if unconditional CIs did not include zero. In parallel, in order to obtain the best single indices of environmental quality, we ran a series of univariate models.
In a second step, we examined whether nest and mate fidelities were associated with pair BS, using Fid Mate and Fid Nest (in year t þ 1) as dependent variables and BS (in year t) as the independent variable.
Finally, to test our main predictions, we examined the interaction between 'year quality' (i.e. distant temporal variation) and pair BS on Fid Mate and Fid Nest . We used the same informationtheoretic approach as for the BS analysis described above. For both Fid Mate and Fid Nest , our global model included (i) all climatic and oceanic covariates with significant effects on BS;
(ii) BS; (iii) the average BS of the population, BS mean (computed for each pair, in each year, excluding the particular pair of interest to avoid dependency between BS and BS mean ); (iv) the interaction between BS and each climatic/oceanic covariate; and (v) the BS Â BS mean interaction.
The robustness of our results was assessed using sensitivity analyses where we (i) considered a more restricted definition of BS (excluding NBs); (ii) used an individual-based (instead of pair-based) approach, with separate analyses for males and females; (iii) used composite environmental variables; and (iv) checked that our results are related to within-pair variation and not variation between pairs (all additional results are presented in the electronic supplementary material). All statistical analyses were performed with R v. 3.0.2 [34] , specifically with the lme4 [35] and MuMIn [36] packages.
Results
Although some of the climatic and oceanic parameters considered were correlated with each other, both within and between quarters (electronic supplementary material, Appendix S2), we considered all parameters in the results presented below, to discuss their relative influences on BS (an alternative analysis based on uncorrelated composite variables is presented in the electronic supplementary material, Appendix S3). No significant temporal autocorrelations were detected when considering average BS and environmental parameters (Box -Pierce test, p . 0.05 in all cases).
At the pair level, BS in a particular year was best predicted by the Chl-a concentration in the second and third quarters (Chl-a (q2) and Chl-a (q3) ) and by the SST in the second quarter (SST (q2) ), which had relatively high AICc weights and significantly positive model-averaged partial regression coefficients (table 1) . Table 1 . Model-averaged partial regression coefficients (b) and unconditional 95% CIs from generalized linear mixed-effects models of BS in the Monteiro's storm-petrel population monitored on Praia Islet (2000 -2012, n ¼ 701) in relation to climatic and oceanic conditions. NAO (qx) , SST (qx) and Chl-a (qx) , respectively, denote the NAO index, SST and Chl-a concentration computed for the xth quarter of the current year. NAO (t21) denotes the NAO index computed for the fourth quarter of the previous year. Akaike weight (w) for a covariate indicates relative importance of the covariate based on summing weights across models where the covariate occurs. Random effects for pair identity and nest identity are fitted for all models. Variance components for the global model are 0.62 and 0.023 for pair identity and nest identity, respectively. Coefficients are in bold where CIs do not include zero. Only covariates occurring in the subset of best models (DAICc , 2) are presented. Three significant single environmental predictors of BS were obtained from univariate regressions: the NAO index in the second quarter and the Chl-a concentration in the second and third quarters (all were positively correlated with BS; see figure 1 for an illustration).
As expected, both mate fidelity (Fid Mate ) and nest fidelity (Fid Nest ) were significantly, positively correlated with BS (detailed results in the electronic supplementary material, Appendix S2).
In order to test our main prediction, we then examined the interaction between BS (i.e. reproduction outcome at the pair level) and the variables related to the reproduction outcome at the population level (i.e. the average breeding success (BS mean ) and the three environmental indices related to success, Chl-a (q2) , Chl-a (q3) and SST (q2) ) on Fid Mate and Fid Nest . The analysis did not reveal any significant interaction between BS and predictors for Fid Mate . By contrast, for Fid Nest , the analysis revealed negative interactions between BS and Chl-a concentration variables, with a significant model-averaged partial regression coefficient for Chl-a (q2) (table 2). No BS Â BS mean interaction was found. Further results obtained by running separate models of Fid Nest for successful pairs versus unsuccessful pairs indicated that: (i) in pairs that bred successfully in year t, nest fidelity between t and t þ 1 increased with decreasing environmental quality in year t (i.e. lower Chl-a concentration) and (ii), by contrast, nest fidelity was unrelated to environmental quality in unsuccessful pairs (detailed results in the electronic supplementary material, Appendix S2). The interacting effects between indices of environmental quality and individual BS are illustrated in figure 2 , for a single index of environmental quality (Chl-a (q2) ) (in parallel univariate analyses, all three univariate indices of environmental quality Chl-a (q2) , Chl-a (q3) and NAO (q2) exhibited significant negative interactions with BS on Fid Nest ). No significant interaction was found when considering the predictors of environmental quality for year t þ 1 (instead of t). All results were robust to our assumptions regarding the definitions of BS, nest fidelity, environmental predictors, scale of the analysis (i.e. individual versus pair) and the analysis of a subset of data indicated that our general result is related to within-pair variation and not variation between pairs (see all additional results in the electronic supplementary material, Appendix S3).
Discussion
Our analysis of the reproduction in Monteiro's storm-petrel revealed that (i) reproductive success is strongly positively correlated with the oceanic Chl-a concentration; (ii) at the pair level, both mate and nest fidelity are higher following successful reproduction; (iii) the relationship between pair BS and subsequent nest fidelity is stronger in years with unfavourable distant extrinsic conditions (low Chl-a). No such interaction was found when considering mate fidelity. Although we found that BS significantly varied among nest sites (see the electronic supplementary material, Appendix S2), the physical or ecological characteristics of sites explaining this heterogeneity remain unknown. Previous work in our study population suggests that BS tends to be higher in the artificial nests installed to increase breeding numbers than in natural nests [30] , mainly because artificial nests cannot be excavated by Cory's shearwaters, Calonectris borealis (another burrow-nesting petrel, which is much larger than Monteiro's storm-petrel) and cannot be flooded. However, chick productivity also shows great variations among natural nests and among artificial nests (J.B. 2012, unpublished data). According to the habitat selection theory, individuals that settle and breed in high-quality sites achieve higher fitness than individuals settling in lower quality sites [1, 37] . Thus, natural selection is expected to favour the development of complex methods for assessing site quality [3, 10] . Because the factors acting on BS vary at different spatial and temporal scales corresponding to different levels of habitat selection [2] , individuals should rely on these various scales to assess site quality. However, although recent works have revealed that combinations of information from several sources can be used by animals in other contexts [38] , only a few studies have reported such processes in the context of breeding site selection.
In the colonial black-legged kittiwake, Rissa tridactyla, Danchin et al. [17] found that breeders tend to recruit to the previous year's most productive cliffs and to emigrate from the least productive ones. Individual success does not influence the probability of dispersing for birds breeding on cliffs with high local reproductive success, whereas individual success is highly, negatively related to dispersal for birds breeding on cliffs with lower local reproductive success, suggesting that the information provided by the average success of conspecifics is sufficient to override individual or pair experience. Schjørring et al. [39] found similar results in the great cormorant, Phalacrocorax carbo, in which the fidelity of females to their nesting site increases with both their own success and the increasing success of neighbouring pairs (BS was found to be spatially autocorrelated within the colony). Such double, hierarchical influence of social public and personal information on nesting site selection has been experimentally confirmed in a non-colonial short-lived passerine bird, the collared flycatcher, Ficedula albicollis [10] .
Here, we hypothesized a completely different process in which broad scale information (i.e. oceanic conditions in a given year) does not allow assessing patch or individual site quality, but rather allows assessing lower scale information quality (i.e. predictability of future reproduction outcome given information on current individual success). Theoretical work has shown that the relationship between individual reproductive success and site fidelity should be stronger in more predictable habitats, or, more generally, when the predictability of the reproductive outcome increases [16] . In our context, individual success occurring in a year with bad conditions can be considered as a reliable indicator of nest quality, thus improving the predictability of the reproductive outcome at the pair level (complementary results indicate that the predictability of the reproductive outcome is higher following years with bad conditions than following years with good conditions; see the electronic supplementary material, Appendix S3, for details). These results further imply that a particular 'potential information' (e.g. individual success in a given year) can be 'realized' differently according to another information coming from a different scale (e.g. oceanic conditions in this year) to modulate a behavioural response (see [8, 40] for definition and discussion on the potential versus realized information). Our analysis uncovered much stronger interactions between individual ( pair) success and environmental factors than between individual success and average colony success to explain site fidelity, suggesting that the information used by breeders for assessing wide scale environmental quality does not rely on social public information. Supporting this, Monteiro's storm-petrel is a burrow-or cavity-nesting bird, so that information on pair BS is unlikely to be public. Under these conditions, distant environmental quality might be better reflected by personal information [7] , such as personal foraging effort [41] , than by social public information-unless such pelagic birds also have access to public information on collective foraging effort at sea. However, whether these storm-petrels forage in a restricted common marine area is still unknown. Although we found a strong relationship between mate fidelity and individual reproductive success, as predicted by the WSLS model [13] , contrary to site fidelity, we did not find any interaction of pair reproductive performance and environmental conditions on mate fidelity. Although mate choice follows apparently the same kind of information-gathering process as site (or patch) selection [42] , it is considered by some authors to be a by-product of site fidelity ( [11, 43] , but see [44] ), or driven by completely different processes, such as genetic incompatibility [45] or the search for a partner with good parental abilities, especially in monogamous birds with obligate biparental care [46] . Our results are consistent with the view that mate retention is an active process relying on information that is at least partly distinct from the information used for nest fidelity in Monteiro's storm-petrel. Further research is needed to disentangle individual (or pair) quality from nest quality when examining the relationships between distant environmental conditions, reproductive performance and breeding dispersal.
Nevertheless, this study highlights the part played by factors operating far from the breeding locality on nest fidelity, confirming the complexity of the processes underlying breeding dispersal in birds
